
GEOPHYSICAL RESEARCH LETTERS, VOL. 27, NO. 8, PAGES 1099-1102, APRIL 15, 2000

Why is the cloud albedo - particle size relationship
different in optically thick and optically thin clouds?

Ulrike Lohmann,1 George Tselioudis,2 and Chris Tyler1

Abstract. Recent studies have analyzed satellite data
in terms of the relationship of cloud albedo with droplet
size for warm clouds. It was found that for optically
thick marine clouds (τ > 15) the cloud albedo increases
with decreasing cloud droplet effective radius (re). For
optically thinner marine clouds (τ < 15) cloud albedo
increases with increasing re as to be expected if the
liquid water content is adiabatic. Hypotheses for the
change in sign in the τ - re relationship are deviations
from an adiabatic liquid water content or the presence
of single layer versus multi layer clouds. In this study,
the ECHAM model, which exhibits this sign change in
the τ - re correlation for optically thin and thick ma-
rine clouds, is used to test these hypotheses. Probability
density functions of τ - re show that the change in sign
of the correlation can be attributed to precipitating ver-
sus non-precipitating clouds, but not to the difference
in single layer versus multi-layer clouds.

1. Introduction

The indirect aerosol effect, whereby anthropogenic
aerosols change cloud optical properties (cloud albedo
effect), is often calculated assuming a constant liquid
water content, [e.g. Jones et al., 1994; Boucher and
Lohmann, 1995]. Then an increase in aerosols leads
to an increase in cloud droplet number concentration
with smaller cloud droplet effective radii and, thus,
a higher cloud optical depth. The assumption of a
constant liquid water path (LWP) is justified by ob-
servational evidence from 4 field studies over Canada
and the United States [Leaitch et al., 1992]. Different
conclusions came out of ship track studies [e.g. King
et al., 1993] and from MCR (multi-spectral radiome-
ter measurements) studies during the First Interna-
tional Satellite Cloud Climatology Project (ISCCP)
Regional Experiment (FIRE) off the coast of Califor-
nia [Nakajima et al., 1991] where LWP was higher in
the polluted case due to the absence of drizzle size
drops. Brenguier et al., [1999, 2000] analyzed data ob-
tained from the Second Aerosol Characterization Ex-
periment (ACE2) in the Atlantic and found evidence
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for the indirect cloud albedo effect on the scale of a cloud sys-
tem by comparing a clean cloud with a polluted cloud. For
a given geometrical thickness of the cloud, the reflectances
at 754 nm and 1535 nm are higher in the polluted case than
in the clear case, even though the mean LWP is lower in the
polluted case.
The relationship of cloud albedo and LWP with droplet

size was studied on a global scale using ISCCP data [Han
et al., 1998]. They find that only for optically thick clouds
(τ > 15) and for clouds over land does the cloud albedo (and
optical depth) increase with decreasing droplet size. That
can be understood from the following expression for τ :

τ =
3

2

LWC ∆z

re
(1)

where LWC = liquid water content (g/m3), ∆z cloud thick-
ness, and re = effective cloud droplet radius:∫∞
0
r3n(r)dr/

∫∞
0
r2n(r)dr. If LWC and ∆z are constant,

then τ varies with 1/re.
For optically thinner clouds (τ < 15) LWP and cloud

albedo increase with increasing re as to be expected in the
droplet growth state where the cloud droplet number con-
centration (Nl) is almost constant. It can be understood if
the equation for re:

re ∼
3

√
3 LWC

4 π ρl Nl
(2)

where ρl is the water density, is used to replace LWC with
Nl in (1):

τ ∼ r2e Nl ∆z (3)

i. e. if Nl and ∆z are constant, then τ varies with r
2
e . If the

cloud is assumed to be adiabatic, then LWC is proportional
to ∆z such that

τ ∼ r5e N
2
l (4)

Austin et al., [1999] analyzed data from the Advanced
Very High Resolution Radiometer (AVHRR) off the coast of
California. They identified different types of scenes in terms
of probability density functions of τ and re. The satellite-
retrieved plots of τ and re show that re ∼ τ

1/5. This rela-
tionship is consistent with little variability in the quantity
(Nl/cadia), where cadia is a measure of how close LWP is to
it’s adiabatic value. In particular, if cadia=1 then the layer
is adiabatic and re ∼ τ 1/5 implies little variability in Nl in
the scene.
It has been suggested that the τ − re anticorrelation, on

the other hand, is caused by water loss due to precipita-
tion [Nakajima and Nakajima, 1995] or that it is a result of
analyzing multi-layer clouds where the effective radius mea-
sured at cloud top does not correspond to the integrated τ
over all cloud layers [Schüller, 1999].
We test both hypotheses using the ECHAM general cir-

culation model (GCM) which is able to reproduce the change
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Figure 1. Log-log contour plots of re and τ off the coast of California for clouds with τ < 15 (left) and τ > 15 (right). Thin lines
going from the lower left to the upper right are lines of constant Nl and those going from the upper left to the lower right are lines
of constant LWP (following Austin et al., [1999]). The regression equation is the best least square fit through the data and r is the
correlation coefficient.

in correlation of τ with re for optically thin and thick warm
clouds (T > 273.2K) over the oceans on a global scale
[Lohmann et al., 1999]. In this ECHAM version, the in-
dependent variables are Nl and LWC, which are solved for
prognostically. Cloud droplet activation depends on up-
draft velocity and number of aerosols, whereas the con-
densation rate is calculated using a saturation adjustment
scheme. Both variables are depleted by precipitation forma-
tion, evaporation, accretion with rain and snow and freezing.
τ is calculated similarly to (1) but as a fit to match Mie

calculations results for the model’s solar bands [Rockel et al.,
1991]. re is taken at cloud top calculated according to (2)
to mimic the satellite view as close as possible. We use data
twice daily from one year from the ECHAMGCM run in T30
resolution (approximately 3.75◦ by 3.75◦) in a region off the
coast of California (24◦N to 35◦N, 150◦W to 136◦W) which
encompasses the scenes analyzed in Austin et al. [1999].

Results

Figure 1 shows the probability density function of τ and
re off the coast of California for optically thin (τ < 15)
and optically thick clouds (τ > 15). For the optically thin
clouds, LWP and τ increase as the effective radius increases.
The exponent in the regression of re and τ is 0.13, which is
close to the value expected for an adiabatic cloud (0.2) in
which Nl is constant.
For optical thick clouds, the slope is -0.19, which is in

between the slope to be expected for a constant LWP (-1)
and constant Nl. The correlation coefficients for those two
cases match what is found globally from ISCCP data [Han
et al., 1998] and from ECHAM [Lohmann et al., 1999].

A slope closer to that expected for an adiabatic cloud
with constant Nl was found from AVHRR data off the Cal-
ifornian coast [Austin et al., 1999]. They obtained slopes of
0.19 to 0.2 in at least 4 scenes. However, one has to bear
in mind that the scenes from AVHRR are comprised of in-
dividual pixels, which are much smaller than the size of a
grid box in ECHAM, so that a more uniform picture can be
expected from the satellite data.

Austin et al., [1999] also evaluated four scenes of thicker
cloud layers, defined as those where the mean LWP exceeded
100 g m−2. In only one of these 4 scenes did they find a
decrease in effective radius with increasing optical depth.
Following their analysis, we sorted the ECHAM data into
grid boxes in which LWP > 100 g m−2 and those where
LWP < 100 g m−2 (not shown). The distinction at LWP
= 100 g m−2 is very similar to the distinction at τ = 15.
There are fewer clouds with LWP > 100 g m−2 than with τ
> 15, which reduces the scatter for cases with LWP > 100
g m−2. The difference in correlation coefficient and in slope
is enhanced if divided at LWP = 100 g m−2 as compared to
dividing the data at τ = 15. The slope deviates more from
the slope of an adiabatic cloud in the cases of smaller LWP
than in the cases with τ < 15.

What causes the differences in correlation and slope be-
tween τ and re? Nakajima and Nakajima [1995] suggested
the onset of precipitation in thick clouds to cause the nega-
tive correlation between re and τ . Based on ECHAM results
grouped into precipitating and non-precipitating clouds we
confirm the above hypothesis as shown in Figure 2. The cor-
relation coefficient is slightly positive for non-precipitating
clouds, and negative for precipitating clouds. The sample
sizes produced by this categorization are very different as
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Figure 2. As figure 1, but for non-precipitating clouds(left) and precipitating clouds (right).

compared to the distinction in optical depth. Two thirds of
the clouds precipitate, whereas only 20% of the clouds have
τ > 15. Of the precipitating clouds, τ ranges between 4 and
25, i. e. spans a larger range than in case of optically thick
clouds. The correlation coefficients are very similar for pre-
cipitating clouds and optically thick clouds, but the slope
is smaller for precipitating clouds, which is caused by the
different range of τ encompassed.
The non-precipitating clouds are more positively corre-

lated than the clouds with τ < 15, and the slope of 0.16
is closer to that expected for an adiabatic cloud than the
slope of 0.13 for optically thin clouds. However, a slope of
0.15 can also be obtained if the threshold in optical depth is
lowered to 10 (not shown), because then fewer clouds start
to precipitate.
Another cause for the opposite correlation between τ and

re might be that optically thin clouds are often single-layer
clouds and thicker ones extend over many layers. If multi-
layer clouds are separated by a cloud-free layer, then the
effective radius obtained from cloud top cannot be expected
to be correlated to the optical depth of all the cloud layers
[e.g. Schueller, 1999]. However, as shown in Figure 3, in
ECHAM the slope is more positive in the multi layer case
than in the single layer case. Likewise, the correlation coef-
ficient is negative in the single layer case and close to zero in
the multi layer case. The slope and correlation coefficients
of single layer clouds can be increased if only clouds which
have a partial cloud cover of > 0.9 are included (not shown).

Discussion and conclusions

The ECHAM GCM was used to explain the difference
in the relationship between cloud optical thickness and ef-
fective radius which occurs for marine clouds at τ = 15 in
a region off the coast of California where probability den-

sity functions of τ and re were studied using AVHRR data
[Austin et al., 1999]. However, the same conclusions can be
drawn if the analysis is applied globally (not shown). The
difference in relationship is also seen if τ = 10 or τ = 20 are
chosen as a separator. It is even more pronounced for τ =
10, because in clouds with τ < 10 precipitation formation
occurs less often and they are more often comprised of single
layer clouds only. Likewise the difference in slope and corre-
lation is less pronounced if τ = 20 is used as a discriminator.
Analyses of the ECHAM grid cells off the coast of California
showed that this distinction is strongly related to the onset
in precipitation, when the clouds become non-adiabatic and
Nl changes but cannot be explained in terms of single layer
versus multi layer clouds. With this conclusion the present
study gives the most likely answer as to why the satellite
detects the different correlation regimes.
What is it in particular that precipitation does to the τ -re

relationship? Precipitation processes in the model, as in the
real world, work in the direction of keeping LWP constant,
since the thicker the cloud the more water is removed from it
through rain. Therefore, precipitation in the model reduces
the range of variation of LWP (Figure 2) more so than the
range of variation of Nl. The reduction in the range of
variation in LWP makes the influences of large Nl variations
on τ (i. e. the indirect aerosol albedo effect) easier to detect,
since it makes more prominent cloud ensembles in which
LWP is near-constant and re decreases as LWP increases.
Non-precipitating clouds in ECHAM, on the other hand,
seem to be fairly close to being adiabatic and, thus, show
on average a re ∼ τ

1/6 slope.
Clearly, more studies are needed to explain in detail why

the satellite is only able to observe an indirect cloud albedo
effect for optically thick clouds. Also, other causes for de-
viations from an adiabatic LWP such as mixing with cloud-
free air due to turbulent and organized entrainment were
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Figure 3. As figure 1, but for clouds consisting of a single layer(left) and those consisting of multiple layers (right).

neglected as they are thought to be of smaller importance
than the onset of precipitation, but are likely to explain de-
viations from an adiabatic LWP in nature.
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